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Single Synaptic Events Evoke NMDA
Receptor±Mediated Release of Calcium from Internal
Stores in Hippocampal Dendritic Spines
spines (MuÈ ller and Connor, 1991; Alford et al., 1993;
Malinow et al., 1994; Denk et al., 1995; Eilers et al., 1995;
Yuste and Denk, 1995; Koester and Sakmann, 1998),
indicating that activation of these receptors is neces-
sary, and that activation of metabotropic receptors is
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insufficient, to elicit the Ca21 transients. The effects of²Department of Physiology and Biophysics
focal glutamate microapplication have also suggestedDalhousie University Faculty of Medicine
that voltage-sensitive calcium channels may contributeHalifax, Nova Scotia B3H 4H7
to the Ca21 response (Schiller et al., 1998). In dissociatedCanada
cell cultures, there is evidence that intracellular calcium
stores contribute to drug-evoked Ca21 elevations in den-
dritic filopodia (Korkotian and Segal, 1998), but the con-Summary
tribution of such stores to synaptically evoked calcium
signals in organized brain tissue is not known.We have used confocal microscopy to monitor synap-
Here, we use the Ca21 transients in dendritic spinestically evoked Ca21 transients in the dendritic spines
evoked by single stimuli to monitor the probability ofof hippocampal pyramidal cells. Individual spines re-
presynaptic transmitter release at individual synapsesspond to single afferent stimuli (,0.1 Hz) with Ca21
on hippocampal pyramidal cells in organotypic culture.transients or failures, reflecting the probability of
We show that the Ca21 transient in the spine is triggeredtransmitter release at the activated synapse. Both
by NMDA receptor activation but results predominantlyAMPA and NMDA glutamate receptor antagonists
from calcium release from internal stores. These mecha-block the synaptically evoked Ca21 transients; the
nisms may have important consequences for the modu-block by AMPA antagonists is relieved by low Mg21.
lation and plasticity of synaptic transmission.The Ca21 transients are mainly due to the release of
calcium from internal stores, since they are abolished
Resultsby antagonists of calcium-induced calcium release
(CICR); CICR antagonists, however, do not depress
Single Synaptic Events Elicit Calcium Transientsspine Ca21 transients generated by backpropagating
within Individual Dendritic Spinesaction potentials. These results have implications for
Individual pyramidal cells in areas CA1 and CA3 of or-synaptic plasticity, since they show that synaptic stim-
ganotypic slice cultures were filled with a high-affinity
ulation can activate NMDA receptors, evoking sub-
Ca21 indicator and imaged by laser scanning confocal
stantial Ca21 release from the internal stores in spines
microscopy (Figure 1a). Excitatory postsynaptic poten-
without inducing long-term potentiation (LTP) or de-
tials (EPSPs) were elicited in the impaled cell via an
pression (LTD).
extracellular stimulating electrode. The dendritic tree
was then systematically scanned while single or paired
Introduction stimuli were delivered at low frequency, until a spine
responding to the stimulus with an increase in fluores-
Advances in light microscopic imaging techniques, in cence (an excitatory postsynaptic calcium transient, EP-
conjunction with the development of Ca21-sensitive SCaT) was found. EPSCaTs were generally restricted
dyes, have in recent years brought the study of the to the spine but were sometimes also detected in the
physiology of dendritic spines within experimental reach immediately adjoining dendritic shaft. Since two-dimen-
(reviewed by Denk et al., 1996). Ca21 transients have sional scans are too slow for accurate determination of
been detected in spines in response to trains of high- the time course or amplitude of the EPSCaT, we instead
frequency synaptic stimuli (MuÈ ller and Connor, 1991; used line scans, in which the laser beam repeatedly
Alford et al., 1993; Petrozzino and Pozzo Miller, 1995) traverses the same line across the region of interest.
and, more recently, in response to single stimuli in cere- Figures 1bii and 1biii show two consecutive line scans,
bellar Purkinje cells (Denk et al., 1995; Eilers et al., 1995) the second collected 15 s after the first; the scan path
as well as hippocampal (Malinow et al., 1994; Yuste (marked by the two arrows in Figure 1bi) passed through
and Denk, 1995) and neocortical (Koester and Sakmann, a number of spines, of which only one (indicated by the
1998) pyramidal cells. The reliable detection of postsyn- intersection of the arrows and the fiducial marks) was
aptic responses to single presynaptic stimuli (Malinow activated by the afferent stimulus. In all experiments,
et al., 1994; Yuste and Denk, 1995) raises the possibility unambiguous calcium transients could be seen, re-
of monitoring quantal parameters of transmission at in- stricted to individual spines, with rapid rise (,6 ms) and
dividual visualized synapses, but a systematic optical slow decay (t .150 ms). In the experiment of Figure 1b,
quantal analysis has not been reported. pairs of stimuli were given with an interstimulus interval
Antagonists of ionotropic glutamate receptors block of 75 ms, at times indicated by the vertical white lines
the synaptically evoked Ca21 transients in dendritic in the line scans. Here (Figure 1bii) as elsewhere, re-
sponses were not evoked by every stimulus. The proba-
bility of eliciting an EPSCaT, pCa, was a characteristic of³ To whom correspondence should be addressed: (e-mail: afine@
nimr.mrc.ac.uk). each synapse and ranged, for different synapses, from
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Figure 1. Confocal Imaging of Calcium Tran-
sients within Individual Dendritic Spines,
Evoked by Afferent Stimulation
(a) Living CA1 pyramidal cell in an organo-
typic hippocampal slice (10 days in vitro) after
filling with Oregon Green 488 BAPTA-1.
(b) Oregon Green±filled CA1 dendritic seg-
ment (i); two successive line scans along the
line indicated by the arrows are shown in (ii)
and (iii), the second collected 15 s after the
first. Beneath each line scan are the synchro-
nously recorded membrane potential (mV) at
the soma and the percent DF/F in the acti-
vated spine (indicated by the fiducial marks
in [i]). Time in the line scans increases from
left to right with the concurrent percent DF/F
and voltage traces. The vertical white lines
(ªtime stampsº) in the scans mark delivery of
the paired afferent stimuli (75 ms interval).
The line scans and the percent DF/F traces
show failure of transmission to the first stimu-
lus and a postsynaptic Ca21 transient (EPS-
CaT) to the second in (ii) and successful trans-
mission (as revealed by EPSCaTs) to both
stimuli in (iii). The voltage traces, reflecting
the aggregate response to the several driven
synapses on the cell, show facilitation of the
second response in both (ii) and (iii). The de-
cay time constant of EPSCaTs ranged from
140 to 300 ms, but the true values may be
lower, owing to buffering by the high-affinity
indicator. In the false color ªthermalº lookup
table used in all confocal images, increasing
fluorescence intensity is denoted by colors
from black through red to yellow and white.
,0.1 to .0.9. The stochastic nature of the EPSCaT led Ca21 from the first impulse summing with Ca21 from the
second (Wu and Saggau, 1994a). In nine of ten experi-us to examine the relation between pCa and the probabil-
ity of transmitter release, pr. A Quicktime sequence illus- ments (Figure 2b), paired pulses (75 ms interval) also
increased pCa to the second stimulus (mean pCa to firsttrating synaptically evoked calcium transients in a single
dendritic spine can be viewed at http://www.neuron.org. stimulus, 0.50 6 0.07; mean pCa to second stimulus,
0.76 6 0.05; p , 0.001; Figure 2b).
In a third series of experiments, we applied the neuro-pCa Is an Indicator of pr
Three types of experiment were performed in order to modulator adenosine, which is known to act presynapti-
cally to reduce pr in hippocampal and other neuronsassess whether pCa provides a reliable estimate of pr.
At a given synapse, pr is classically considered to be (Wu and Saggau, 1994b). In five of five experiments (on
synapses selected for high initial pCa), adenosine (50 mM)independent of stimulus intensity once the threshold for
eliciting a response has been reached (Katz, 1969). We significantly reduced pCa, from 0.84 6 0.07 to 0.30 6
0.04 (p , 0.003; Figure 2ci). This reduction in observedtherefore examined the effect of increasing the extracel-
lular stimulus intensity on pCa. Figure 2a shows that in pCa was not a detection artifact or a consequence of
impaired health of the synapse, since the mean ampli-three of three experiments, once the threshold for elic-
iting the EPSCaT had been reached, further increases tude of EPSCaTs, when they occurred, was not affected
by the exposure to adenosine (Figure 2cii). The fact thatin stimulus intensity did not change pCa. This observation
renders it unlikely that EPSCaT failures were due to we were able to modify pCa by manipulations known to
affect pr strongly suggests that the quantal parameterfailure to initiate an action potential at the site of stimu-
lation. pr can be reliably assessed by pCa.
In a second set of experiments, we examined the
effect of delivering two afferent stimuli in close succes-
sion. As evident in the voltage traces in Figure 1b, this EPSCaTs Require NMDA Receptor Activation
The rapid increase in free Ca21 in the spine could resultleads to the phenomenon of paired pulse facilitation, in
which the second EPSP is larger than the first (Zucker, from several mechanisms, including entry from the ex-
tracellular space through glutamate-gated channels, in1973). Facilitation reflects an increase in pr to the second
stimulus, presumably owing to residual presynaptic particular the N-methyl-D-aspartic acid (NMDA) receptor
NMDA-Mediated CICR in Dendritic Spines
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Figure 2. Probability of Evoking EPSCaTs Reflects Probability of Transmitter Release
(a) Probability of evoking an EPSCaT (pCa), plotted as a function of stimulus intensity for three different experiments. In each case, pCa remained
constant once the threshold for obtaining a response was exceeded.
(b) pCa to the second stimulus plotted against pCa to the first stimulus (stimulus interval 75 ms, chosen to produce maximal paired pulse
facilitation of the EPSP). Points lie above the equal probability diagonal for synapses in nine of ten experiments, demonstrating paired pulse
facilitation of the EPSCaT.
(ci) Adenosine (50 mM), an inhibitor of presynaptic glutamate release, leads to a significant reduction in EPSCaT probability (p , 0.003 versus
ACSF).
(cii) In the same experiments, adenosine does not significantly affect the mean amplitude of EPSCaTs when they occur.
channel (Malinow et al., 1994) or through voltage-sensi- the EPSCaT, e.g., was itself permeable to calcium, or
whether its activation generated the depolarization nec-tive calcium channels (VSCCs) (Jaffe et al., 1994; Schiller
et al., 1998). We investigated these possibilities by phar- essary to relieve the magnesium blockade of the NMDA
receptor. The results illustrated in Figure 3c demonstratemacological means. The addition of the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) re- that the latter is the case. In five of five experiments,
when magnesium was omitted from the medium, theceptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 20 mM) produced a profound and reversible addition of CNQX (20 mM) had no effect on EPSCaT
amplitudes. A summary histogram (Figure 4c) showsblock of EPSCaTs in four of four experiments (Figure 3a).
A summary histogram is shown in Figure 4a; statistical that whereas EPSP amplitudes are significantly reduced
(p , 0.01), there is no significant difference in the meancomparison of mean EPSCaT amplitudes over all trials
in the presence and absence of CNQX reveals that this EPSCaT amplitudes over all trials when CNQX is added
to a Mg21-free medium.block is significant (p , 0.03). As expected, CNQX also
significantly reduced EPSP amplitudes (p , 0.05). To examine the possible contribution of VSCCs, we
tested whether the blockade of low voltage±activatedUnexpectedly, the addition of the NMDA receptor
antagonist D(2)-2-amino-5-phosphonopentanoic acid Ca21 channels, the channels most likely to be opened
by synaptic activation (Fox et al., 1987), affected the(D-AP5, 25 mM) also produced an essentially total but
reversible blockade of EPSCaTs in six of six experiments EPSCaT. The application of Ni21 (50 mM) had no effect
on EPSCaT amplitudes in three of three experiments(Figure 3b). A summary histogram (Figure 4b) shows
that over all trials, the mean EPSCaT amplitudes (but (mean fractional change in fluorescence [percent DF/F],
55.1 6 16.6 in the presence of Ni21 versus 60.6 6 6.2not EPSP amplitudes) are significantly reduced (p ,
0.04) by the application of D-AP5 and that following before). Further pharmacological investigation of the de-
pendence of EPSCaTs on VSCCs was hindered by theD-AP5 removal, the recovery of the EPSCaT is complete.
At resting membrane potentials, the NMDA receptor is fact that antagonists of high voltage±activated calcium
channels may interfere with transmitter release. Addi-impermeable to Ca21 ions as Mg21 ions block the chan-
nel pore; this block is relieved during depolarization of tional, indirect evidence of the lack of involvement of
VSCCs in generating the EPSCaT can be found, how-the cell (Nowak et al., 1984). We therefore examined
whether the AMPA receptor directly contributed to ever, in the experiment examining the effects of CNQX
Neuron
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Figure 3. EPSCaTs Are Mediated by Gluta-
mate Receptor Activation
(a) Effect of the AMPA glutamate receptor
antagonist CNQX. Line scans along the path
indicated by the arrows in the first panel show
an EPSCaT (second panel) that is abolished
by a 5 min exposure to CNQX (20 mM; third
panel), an effect reversed by a 15 min wash-
out in ACSF (fourth panel).
(b) Effect of the NMDA receptor antagonist
D-AP5. EPSCaTs (second panel) are abol-
ished after a 5 min exposure to D-AP5 (25 mM;
third panel); the blockade is reversed after a
15 min washout in ACSF (fourth panel). (In
this experiment, single stimuli were given.)
The EPSCaT blockade by CNQX is not seen
in Mg21-free medium (c), indicating that syn-
aptic activation of AMPA receptors serves to
relieve the voltage-dependent Mg21 blockade
of NMDA receptors observed under physio-
logical conditions. Line scans, percent DF/F
traces, time stamps, arrows, and fiducial
marks are as in Figure 1.
in Mg21-free medium (Figures 3c and 4c). Under these presumably a reflection of the reduction in Ca21 seques-
conditions, CNQX reduced the stimulus-evoked depo- tration as a result of blocking the SERCA pumps. A
larization yet was without effect on EPSCaT amplitude. summary histogram of mean EPSCaT and EPSP ampli-
tudes over all trials (Figure 7a) shows a significant EPS-
CaT reduction (p , 0.006) in the presence of CPA in fiveThe Calcium Transient in Spines Results Mainly
of five experiments; the lack of effect on EPSP ampli-from Calcium-Induced Calcium Release
tudes suggests that the reduction in EPSCaT amplitudeTo investigate the possibility that calcium-induced cal-
is not due to a direct effect of CPA on ionotropic gluta-cium release (CICR) contributes to the EPSCaT, we
mate receptors or VSCCs.examined the effects of cyclopiazonic acid (CPA), a spe-
The application of ryanodine (10±20 mM) to the prepa-cific blocker of smooth endoplasmic reticulum Ca21/
ration also abolished or greatly reduced the EPSCaTATPases (SERCA pumps; Seidler et al., 1989) and of
amplitude (Figure 6, panel 3). Although, unlike CPA,ryanodine, a specific blocker of the ryanodine receptor
ryanodine application is not reversible, the suppression(RyR) Ca21 channel, on synaptically evoked Ca21 tran-
of EPSCaTs by ryanodine was not due to general cellularsients in dendritic spines. We observed that bath appli-
dysfunction, since the simultaneously recorded EPSPcation of 15 mM CPA abolished EPSCaTs or greatly
was unaffected (Figure 6, panel 3). A summary histogramreduced their amplitude (Figure 5), an effect reversed
of mean EPSCaT and EPSP amplitudes over all trialsby long (.1 hr) washout. In contrast, CPA did not abolish
(Figure 7b) shows that in five of five experiments, ryan-calcium transients evoked in spines by backpropagating
odine significantly reduces EPSCaT amplitudes (p ,action potentials, although the decay time constants
were increased (Figure 5, bottom row, second panel), 0.006), while having no effect on EPSPs. In three of three
NMDA-Mediated CICR in Dendritic Spines
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Figure 4. Summary Histograms of Effects of
Glutamate Receptor Antagonists on EPSCaT
and EPSP Amplitudes
(a) Summary histogram showing mean EPS-
CaT (percent DF/F) and EPSP amplitudes in
the presence of ACSF after the addition of
CNQX (20 mM) and after washout in ACSF.
Asterisks in these histograms denote ampli-
tudes significantly different from initial drug-
free conditions.
(b) Summary histogram showing mean EPS-
CaT and EPSP amplitudes in the presence of
ACSF after the addition of D-AP5 (25 mM) and
after washout in ACSF.
(c) Summary histogram showing mean EPS-
CaT and EPSP amplitudes in Mg21-free ACSF
after the addition of CNQX (20 mM) and after
washout of CNQX. The addition of CNQX to
the Mg21-free ACSF produced no significant
reduction in EPSCaT amplitude, while still re-
ducing the EPSP as in normal ACSF.
experiments, the amplitudes of D-AP5-sensitive EPSPs, a Ca21 influx of this amplitude would be beneath our
detection threshold.measured in Mg21-free medium in the presence of 20
mM CNQX, were not reduced by exposure to 20 mM ryan-
odine (4.11 6 0.48 mV versus 4.75 6 0.55 mV in ryano-
dine; not significant), ruling out the possibility that ryan- Discussion
odine inhibits NMDA receptor function.
The large reduction of EPSCaT amplitude in the pres- Synaptically evoked calcium transients have been ob-
served previously in dendritic spines; the main sourceence of drugs known to block CICR presents an appar-
ent paradox: if NMDA receptor activation is required of this calcium has been assumed to be influx from
the extracellular space. The present study, however,for the production of the EPSCaT, why is calcium entry
through this receptor channel not observed? We hy- demonstrates that the rapid rise in spine Ca21 levels in
response to single synaptic stimuli is overwhelminglypothesized that the NMDA calcium signal represents a
small and localized fraction of the total calcium re- due to CICR. A possible contribution of internal stores
to synaptically evoked calcium transients has been sug-sponse, undetectable with single pulses above the noise
level of our system. In support of this interpretation, gested previously (e.g., Miller, 1992; Jaffe et al., 1994);
the structural (Tarrant and Routtenberg, 1979; Spacekwe found in two of two experiments (with the sodium
channel blocker QX314 added to the recording electrode and Harris, 1997) and molecular (Sharp et al., 1993) ap-
paratus for CICR are known to be present in dendriticto suppress postsynaptic action potentials) that trains
of 15 afferent stimuli at 50 Hz, applied to cells whose spines, and elevations in internal Ca21 can be evoked
in hippocampal dendrites (Garaschuk et al., 1997) and inEPSCaT had been blocked by ryanodine, led to the
emergence of a progressively increasing calcium tran- the dendritic filopodia of cultured hippocampal neurons
(Korkotian and Segal, 1998) by caffeine administration.sient (Figure 6, panel 4). The peak amplitude of this
signal at the end of the train was similar to the average In addition, the release of calcium from ryanodine- and
thapsigargin-sensitive stores has been observed in hip-EPSCaT amplitude evoked under normal conditions, im-
plying that the NMDA-mediated Ca21 influx, presumably pocampal dendrites in response to high-frequency stim-
ulation (Alford et al., 1993; Pozzo Miller et al., 1996).responsible for triggering the CICR, is an order of magni-
tude smaller than the Ca21 release from internal stores; However, synaptic activation has not previously been
Neuron
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Figure 5. EPSCaTs Are Abolished by Deple-
tion of Intracellular Calcium Stores
EPSCaTs in an activated spine (top row, sec-
ond panel) are abolished by a 15 min expo-
sure to CPA (15 mM) (top row, third panel).
The blockade is reversed after a 1 hr washout
in ACSF (top row, fourth panel); the concur-
rent voltage trace shows that the blockade is
not due to inhibition of synaptic transmission.
Action potentials, induced by intrasomatic
current injection, were delivered after ob-
taining EPSCaT data in each treatment condi-
tion (bottom row). The second bottom panel
shows that calcium entry resulting from ac-
tion potential generation is not blocked by
the addition of CPA; however, the rate of Ca21
clearance from the spine is slowed. Line
scans, percent DF/F and voltage traces, time
stamps, arrows, and fiducial marks are as in
Figure 1.
shown to activate CICR in spines. Indeed, the possibility The ability of D-AP5 to abolish EPSCaTs (Figure 4b)
strongly suggests that the postsynaptic CICR is trig-of CICR contributing to calcium transients evoked in
spines by single stimuli has been discounted on kinetic gered by Ca21 entry via NMDA receptor channels. The
observation that CNQX abolishes EPSCaTs only in thegrounds (Denk et al., 1995), and it has been suggested
that brief depolarizations associated with individual syn- presence of Mg21 (Figures 3a and 3c) implies that under
normal conditions, activation of AMPA receptors pro-aptic stimuli or action potentials are unlikely to activate
CICR (Verkhratsky and Shmigol, 1996). vides the depolarization necessary to relieve the block-
ade of NMDA channels by Mg21. These results extendThree lines of evidence support the contention that
EPSCaTs are due to CICR. First, EPSCaTs are abolished the observations of Yuste and Denk (1995), who found
that Ca21 transients evoked by single stimuli in apicalwhen releasable calcium stores are depleted by CPA.
Second, the ability of ryanodine to block EPSCaTs sug- hippocampal dendritic spines could be blocked by the
combined application of CNQX and D-AP5. In cerebellargests that the calcium release is mediated by ryanodine
receptors, which are known to subserve CICR. Third, Purkinje cell spines (Denk et al., 1995; Eilers et al., 1995),
CNQX also abolishes synaptically evoked Ca21 tran-when ryanodine reduces the EPSCaT below detectable
levels, presumptive trigger calcium can be visualized sients. In contrast, in the basal dendritic spines of neo-
cortical layer V pyramidal neurons, Ca21 transientsduring high-frequency stimulation (Figure 6). The lack
of effect of CICR blockers on mean EPSP amplitudes evoked by synaptic activation (Koester and Sakmann,
1998) or glutamate application (Schiller et al., 1998) are(Figure 7) or on isolated NMDA responses renders it
unlikelyÐin agreement with previous reports (Nelson et reported to be only slightly reduced by CNQX; the latter
study also provided evidence for a major contributional., 1994; Kirischuk et al., 1996; Neuman and Rahman,
1996; Nomura et al., 1996; Rahman and Neuman, of VSCCs to spine Ca21 transients. The reasons for these
differences are not clear but could reflect cellular varia-1996)Ðthat these drugs are inhibiting glutamate recep-
tors or VSCCs. tion, altered resting membrane potentials, or larger focal
NMDA-Mediated CICR in Dendritic Spines
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Figure 6. EPSCaTs Require Calcium-Induced Calcium Release
EPSCaTs (second panel) are abolished by a 10 min exposure to ryanodine (20 mM), a selective blocker of calcium-induced calcium release
from internal stores, without affecting EPSPs (third panel). Under these conditions, a train of 15 stimuli at 50 Hz led to the emergence of a
progressive calcium signal (fourth panel). QX314 was present in the recording electrode throughout this experiment to prevent the generation
of action potentials during high-frequency stimulation. Line scans, percent DF/F and voltage traces, time stamps, arrows, and fiducial marks
are as in Figure 1.
depolarizations induced by the photolysis of caged glu- any progressive depolarization, all argue against a major
role of VSCCs in generating the EPSCaT.tamate. In the present study, the lack of effect of Ni21
or CNQX in Mg21-free ACSF, as well as the emergence Activation of RyRs is believed to require free Ca21
concentrations in the 0.1±1 mM range (Bezprozvannyof a tetanically elicited Ca21 signal in the absence of
Figure 7. Summary Histogram of Effects of
Calcium-Induced Calcium Release Antago-
nists on EPSCaT and EPSP Amplitudes
Both CPA (15 mM) (a) and ryanodine (10±20
mM) (b) significantly reduced EPSCaT ampli-
tudes (p , 0.006) but had no effect on EPSPs
(asterisks are as in Figure 4).
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et al., 1991), levels that should be within our limits of to stimuli estimated on electrophysiological grounds to
activate fewer than 50 synapses (Sayer et al., 1990;detection. Our failure to see single synaptically evoked
Ca21 transients in the presence of CPA or ryanodine Debanne et al., 1995). Thus, even if not all dendritic
spines are capable of sustaining EPSCaTs, those thatcould reflect Ca21 entry close to the Ca21-sensing RyRs,
elevating the concentration in this restricted domain do are likely to represent a substantial fraction of the
total. These may correspond to spines bearing spinewithout detectably altering the bulk Ca21 concentration
in the spine. The spine apparatus can extend close to apparatus, cisternae, or other components of the endo-
plasmic reticulum (Berridge, 1998).the postsynaptic density (PSD) in hippocampal spines
(Tarrant and Routtenberg, 1979; Spacek and Harris, EPSCaTs appear to be reliable indicators of presynap-
tic transmitter release. They exhibit stochastic failures1997), as can RyR immunoreactivity (Sharp et al., 1993).
The association of RyR-bearing spine apparatus and with a range of probabilities, as does transmitter release
at excitatory synapses on hippocampal pyramidal cells.the PSD may therefore constitute a synaptic equivalent
of ªcalcium release unitsº in cardiac muscle (Sun et al., Furthermore, the delivery of paired presynaptic stimuli
and application of adenosine, manipulations expected1995).
What is the function of CICR in the spine? Our data respectively to increase and decrease the probability of
transmitter release, pr, have corresponding effects on(Figures 5±7) and those of others (Alford et al., 1993)
indicate that the blockade of CICR does not disrupt the the probability of eliciting EPSCaTs, pCa. This strongly
suggests that for those synapses displaying EPSCaTs,electrical component of synaptic transmission. Blockers
of CICR can, however, interfere with long-term potentia- pCa is a measure of pr. The possibility that EPSCaT fail-
ures reflect failures to initiate action potentials in thetion (LTP) or depression (LTD) (Obenaus et al., 1989;
Harvey and Collingridge, 1992; Reyes and Stanton, presynaptic fibers, rather than failures to release trans-
mitter at the presynaptic terminal, is rendered unlikely1996; Wang et al., 1996). The induction of LTP appears
to require a threshold level of Ca21 in the spine (Malenka by our observation (Figure 2a) that pCa for a given spine
was independent of stimulus strength once a thresholdet al., 1988); this threshold may only be achieved by a
summation of transients due to high-frequency synaptic intensity was exceeded. The detection of EPSCaTs
should, therefore, be useful for measuring any changeactivation or to the coincidence of synaptic activation
with a backpropagating action potential (Magee and in release probability accompanying LTP and LTD at
individual synapses. However, because the EPSCaT re-Johnston, 1997; Markram et al., 1997). The time course
of EPSCaTs amplified by CICR could control the fre- sults from CICR and only indirectly reflects the postsyn-
aptic depolarization, there may be no simple relationquency threshold above which postsynaptic Ca21 tran-
sients summate significantly (Schiegg et al., 1995). For between quantal amplitude and EPSCaT amplitude. A
further qualification is that our observations were re-robustness in the face of noise, an optimal coincidence
ªANDº gate would give equal weight to both inputs; it stricted to spines with AMPA receptors; at resting poten-
tials, synapses containing only NMDA receptors will beis interesting in this context that the amplitudes of action
potential±elicited spine Ca21 transients and of CICR- ªsilentº with respect to both Ca21 and voltage transients,
precluding estimates of pr unless the cell is depolarizedamplified EPSCaTs are similar (Figure 5). The activation
of CICR by single synaptic stimuli but not by single or bathed in a low Mg21 solution.
Finally, our observation that single presynaptic stimulibackpropagating action potentials (Figure 5) may reflect
selective association of the stores with NMDA receptors delivered at very low rates elicit large NMDA-mediated
postsynaptic CICR stands in contrast to the view thatrather than VSCCs, a selectivity that may account for
the differential effects of these two routes of Ca21 influx NMDA receptors operate only when the cell is highly
activated by excitatory inputs (Collingridge et al., 1988).on transcription-regulating pathways (Bading et al.,
1993; Deisseroth et al., 1998). Modulation of synaptically In particular, in Mg21-free medium, where NMDA recep-
tor activation should be maximal, EPSCaT amplitudesevoked CICR, e.g., by interaction with inositol (1,4,5)-
trisphosphate-mediated Ca21 release, may also provide ranged from 130% to 150% DF/F, on average less than
twice the amplitude of EPSCaTs in standard ACSFa mechanism by which activation of other transmitter
receptors, such as the metabotropic glutamate recep- (range, 40% to 100% DF/F). Thus, mere activation of
NMDA receptors (Malenka et al., 1988; Bliss and Colling-tor, could gate the induction of synaptic plasticity
(Bashir et al., 1993; Simpson et al., 1995; Berridge, 1998). ridge, 1993; Perkel et al., 1993) or CICR (Berridge, 1998)
Overall, CICR in the spine may amplify and integrate does not lead to long-term synaptic plasticity. Subse-
activity-dependent signals, providing a crucial nonline- quent discrimination of the specific levels or duration
arity essential for the induction of long-term plasticity. of postsynaptic Ca21 transientsÐe.g., via differential af-
The present results, in agreement with previous re- finities of calcium-dependent protein phosphatases and
ports (Guthrie et al., 1991; Svoboda et al., 1996), also kinasesÐmay thus be crucial for the induction of partic-
provide evidence of functional and chemical compart- ular forms of plasticity (Lisman, 1989; Artola and Singer,
ments within the neuron and indicate that individual 1993; Neveu and Zucker, 1996; Hansel et al., 1997).
spines represent minimal units of synaptic activation
(MuÈ ller and Connor, 1991; Jaffe et al., 1994; Denk et al.,
Experimental Procedures1995; Yuste and Denk, 1995).
The proportion of synaptically activated spines that
Preparation of Hippocampal Slice Cultures
display EPSCaTs is not known. Even without an exhaus- Transverse 350 mm slices of hippocampus were cut from 8-day-old
tive search of the dendritic tree, it was frequently possi- male Wistar rat pups and cultured on Millicell CM membranes at a
gas/liquid interface (Stoppini et al., 1991) for 7±14 days before use.ble to detect EPSCaTs in a number of spines in response
NMDA-Mediated CICR in Dendritic Spines
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Electrophysiological and Optical Recording Bashir, Z.I., Jane, D.E., Sunter, D.C., Watkins, J.C., and Collingridge,
G.L. (1993). Metabotropic glutamate receptors contribute to the in-Cultures on their supporting membranes were transferred to a re-
cording chamber beneath a Zeiss Axioskop upright microscope duction of long-term depression in the CA1 region of the hippocam-
pus. Eur. J. Pharmacol. 239, 265±266.with a BioRad MRC-1000 laser confocal scanhead and continuously
superfused with oxygenated (95% O2/5% CO2) artificial cerebrospi- Berridge, M.J. (1998). Neuronal calcium signaling. Neuron 21, 13±26.
nal fluid (ACSF; composition in mM: NaCl, 120; KCl, 3; MgCl2, 1; Bezprozvanny, I., Watras, J., and Ehrlich, B.E. (1991). Bell-shaped
CaCl2, 3; NaH2PO4, 1.2; NaHCO3, 23; glucose, 11; and Trolox, 1) at calcium-response curves of Ins(1,4,5)P3 and calcium gated channels288C±308C. D-AP5 and CNQX were obtained from Tocris, adenosine from endoplasmic reticulum of cerebellum. Nature 351, 751±754.
from RBI, Trolox antioxidant from Aldrich, and all other reagents
Bliss, T.V.P., and Collingridge, G.L. (1993). A synaptic model offrom Sigma except as noted. For intracellular recording, sharp mi-
memory: long-term potentiation in the hippocampus. Nature 361,cropipettes (100±120 MV, with filament) were filled at the tip with 1
31±39.mM Oregon Green 488 BAPTA-1 (Molecular Probes) in 100 mM
Collingridge, G.L., Herron, C.E., and Lester, R.A.J. (1988). Fre-potassium acetate and then backfilled with 3 M potassium acetate.
quency-dependent N-methyl-D-aspartate receptor-mediated syn-For experiments in which synapses were driven tetanically, the mi-
aptic transmission in rat hippocampus. J. Physiol. (Lond) 399,cropipette tip solution also contained the sodium channel blocker
301±312.QX314 (100 mM) to prevent action potentials in the recorded cell.
Pyramidal cells were impaled and dye loaded by injecting hyperpo- Debanne, D., GueÂ rineau, N.C., GaÈ hwiler, B.H., and Thompson, S.M.
larizing current (0.1 nA) for 5±15 min via an Axoclamp-2B amplifier (1995). Physiology and pharmacology of unitary synaptic connec-
(Axon Instruments). Stimuli were delivered via a sharpened tungsten tions between pairs of cells in areas CA3 and CA1 of rat hippocampal
stimulating electrode (AM Systems) (tip ,10 mm) placed in the stra- slice cultures. J. Neurophysiol. 73, 1282±1294.
tum radiatum 50±1000 mm from the filled dendritic arbor. For experi- Deisseroth, K., Heist, E.K., and Tsien, R.W. (1998). Translocation
ments in Mg21-free medium, stimulus strength was kept as low of calmodulin to the nucleus supports CREB phosphorylation in
as possible to prevent seizures. Activated spines were found by hippocampal neurons. Nature 392, 198±202.
scanning the apical dendritic arbor (argon ion 488 nm excitation,
Denk, W., Sugimori, M., and Llinas, R. (1995). Two types of calciumminimal intensity commensurate with adequate signal-to-noise ra-
response limited to single spines in cerebellar Pukinje cells. Proc.tio) while stimulating, with a Zeiss 403 NA 0.75 or Olympus 603 NA
Natl. Acad. Sci. USA 92, 8279±8282.0.90 water immersion objective and a custom made mechanical
Denk, W., Yuste, R., Svoboda, K., and Tank, D.W. (1996). Imagingstage. This search procedure is biased against synapses with a very
calcium dynamics in dendritic spines. Curr. Opin. Neurobiol. 6,low pr and will not detect silent synapses. Activated spines were
372±378.typically found on tertiary or smaller dendrites .100 mm from the
soma. Line scans consisted of 256 successive sweeps at 2 ms Eilers, J., Augustine, G.J., and Konnerth, A. (1995). Subthreshold
synaptic Ca21 signaling in fine dendrites and spines of cerebellarintervals across a single line in the field of view. Where activated
elements (presumptive spines) were oriented normal to the image Purkinje neurons. Nature 373, 155±158.
plane, a series of optical sections was collected; we considered the Fox, A.P., Nowycky, M.C., and Tsien, R.W. (1987). Kinetic and phar-
element to be a spine if the region of maximal response was above macological properties distinguishing three types of calcium cur-
the point of insertion in the dendrite. Synaptically elicited action rents in chick sensory neurones. J. Physiol. (Lond) 394, 149±172.
potentials produced Ca21 transients in spines that were slightly Garaschuk, O., Yaari, Y., and Konnerth, A. (1997). Release and se-
larger than the EPSCaTs evoked in the same spines by stimulation questration of calcium by ryanodine-sensitive stores in rat hippo-
below threshold for spike initiation, confirming that EPSCaT ampli- campal neurones. J. Physiol. (Lond) 502, 13±30.
tudes were not limited by indicator saturation. Custom made time±
Guthrie, P.B., Segal, M., and Kater, S.B. (1991). Independent regula-stamp and scan±rotator circuits were used to mark a white line in
tion of calcium revealed by imaging dendritic spines. Nature 354,the line scans at the precise time of stimulation and to rotate the
76±80.scan within the plane of focus for optimal alignment with the den-
Hansel, C., Artola, A., and Singer, W. (1997). Relation between den-drite. Electrophysiological data were collected and analyzed with
dritic calcium levels and the polarity of synaptic long-term modifica-A/DVANCE software (McKellar Designs, Vancouver); images were
tions in rat visual cortex neurons. Eur. J. Neurosci. 9, 2309±2322.collected and analyzed with COMOS (BioRad), NIH Image, and cus-
tom written software. EPSCaT amplitudes were expressed as per- Harvey, J., and Collingridge, G.L. (1992). Thapsigargin blocks the
cent DF/F. Statistical significance was evaluated by paired t tests. induction of long-term potentiation in rat hippocampal slices. Neu-
rosci. Lett. 139, 197±200.
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